ABSTRACT
Apoptosis plays a critical role in maintaining tissue homeostasis and represents a normal function to eliminate excess or dysfunctional cells. Accumulated evidence suggest that apoptosis helps to maintain cellular homeostasis during the menstrual cycle by eliminating senescent cells from the functional layer of the uterine endometrium during the late secretory and menstrual phase of the cycle. BCL-2 family and Fas/FasL system have been extensively studied in human endometrium and endometriotic tissues. Eutopic endometrium from women with endometriosis reportedly has some fundamental differences compared with normal endometrium of women without endometriosis. The differences could contribute to the survival of regurgitating endometrial cells into the peritoneal cavity and the development of endometriosis. One mechanism that recently gained a lot of interest is the finding that apoptosis appeared in eutopic and ectopic endometrium of patients with endometriosis. This study is a current review of the literature focused on the physiological role of apoptosis in normal endometrium and the alterations in regulation of apoptosis in eutopic and ectopic endometrium from women with endometriosis. Finally, role of apoptosis in the treatment of endometriosis is reviewed to link the basic research findings into clinical applications.
INTRODUCTION
Endometriosis is defined by the presence of endometrium-like glandular tissue and stroma outside the uterus. It is a common disease affecting 5% to 15% of women in the general population and 40% of women seeking infertility evaluation (1) . Although the high incidence of endometriosis and the fact that eighty years have passed since the initial description of the disease by Sampson (2), our current understanding of the etiology and pathophysiology of endometriosis remains obscure. Several theories have been proposed, including development by metaplasia, development from Mullerian remnants, and after implantation and growth of endometrium following retrograde menstrual reflux.
Nearly all women of reproductive age exhibit some degree of reflux of endometrial debris (3) . Menstrual effluents retrogradely shed into the peritoneal cavity were observed to contain viable endometrial cells (4) (5) (6) (7) (8) . These mechanisms are necessary but insufficient to explain why only some patients develop the disease. A couple of views have been proposed (9) . The first theory is based on disorders of the endometrium in which it resists normal peritoneal means of cleaning. The second theory suggests that the disease is secondary to alterations of the cellular and humoral immunity that induce excessive receptivity of the peritoneal mesothelium, hyperactivated macrophages, and abnormalities of NK cells. The peritoneal environment may alter a genetic predisposed endometrium, which then becomes favorable for invasion. It is also possible an excess of refluxing endometrium or altered endometrium has the potential to form a proinflammatory or hormonal environment favorable to establish the disease (9) .
The fact that the eutopic endometrium of women with endometriosis shares changes with ectopic tissue and that these changes are not found in the eutopic endometrium of disease-free women has advanced the view that the primary defect in endometriosis is to be found in the eutopic endometrium (10) . Cells and tissue elements, derived from such an altered eutopic endometrium and shed into the peritoneal cavity, have been proposed to have a higher potential for implantation and growth on peritoneal surfaces and development into endometriosis (11) (12) (13) . On the other hand, the fact that many differences observed between eutopic endometrium and ectopic tissue of a patient with endometriosis can be explained as the direct influence of the different environment of peritoneal fluid (14-17). One of the endometrial alterations appearing in eutopic and ectopic endometrium from women with endometriosis refers to the regulation of apoptosis.
MOLECULAR BASIS OF APOPTOSIS
Apoptosis is a distinctive form of programmed cell death that is defined by characteristic morphological and biochemical events that result in the efficient elimination of cells from tissue without eliciting an inflammatory response (18) . Apoptosis is critical for tissue modeling during embryogenesis and cellular homeostasis, and also contributes to many facets of pathological processes in diseases including those in reproductive systems (19, 20) . Here a current model of the death signaling pathways is summarized and topics on mitochondrial pathways and clearance mechanism of apoptotic cells by phagocytes are also described.
Induction and execution of apoptosis
Apoptosis is a specific mode of cell death with a characteristic pattern of morphological, biochemical and molecular changes (21) . Necrosis is associated with swelling of organelles, a disruption of plasma membranes and random DNA degradation. In contrast, apoptosis involves nuclear chromatin condensation, cytoplasmic blebbing, and internucleosomal DNA degradation. There are two major pathways for inducing apoptosis: one starts with binding of death receptors with cognate death ligands leading to the activation of caspase-8, and the other depends on stress, chemotherapy or irradiation, and involves the mitochondrial release of cytochrome c resulting in the activation of caspase-9. Activated caspase-8 also cleaves Bid to the truncated Bid leading to the mitochondrial pathway.
Fas and tumor necrosis factor receptor are members of the death receptor belonging to tumor necrosis factor/ nerve growth factor receptor superfamily. At variance with the structural homology among these receptors and their ligands, respective receptor systems utilize distinct death signal pathways. Members of the receptor family (e.g., Fas and TNFR1) contain a cytoplasmic domain called the "death domain" (22) . Upon receptor activation after the interaction with cognate death ligands (e.g., FasL and TNFα), the death domain undergoes interaction with a death domain in the adaptor protein (e.g., FADD) leading to the formation of death-inducing signaling complex (DISC), and initiate the execution process of apoptosis (23) . Following their activation, caspase-8 and -9, the initiator caspases, cleave and activate effector caspases, caspase-3, -6 and/or -7. Although the same effector caspases are activated by different apoptotic stimuli, the upstream events leading to the activation of caspase-8 or caspase-9 exhibit diversity. Caspase-9 activation starts with the mitochondrial release of cytochrome c in response to apoptotic stimuli. The cytochrome c binds to Apaf-1 in the presence of dATP, and the Apaf-1/cytochrome c/dATP complex forms an oligomeric "Apoptosome" (24, 25) , which recruits and activates the pro-caspase-9 leading to the activation of effector caspases such as caspase-3. Caspase-3 plays a central role in proteolytic cleavage of ICAD (DFF45) to activate CAD (DFF40) leading to DNA fragmentation into nucleosomal units.
Although caspase activity is regulated by the zymogen activation as described above, direct inhibition of active caspase by the inhibitor of apoptotsis (IAP) is important. Among IAPs identified so far, XIAP, c-IAP1, and c-IAP2 are thought to directly inhibit caspase-3, caspase-7 and caspase-9 (26-29).
Hallmark of apoptotic cell structure
Apoptotic cells are characterized by many morphological and biochemical alterations. Morphologically, apoptotic cells present with condensed chromatin, multiple membrane-bound organelles (apoptotic bodies), and a shrunken appearance. Biochemically, apoptosis is characterized by 180-base pair (bp) units of genomic DNA fragmentation due to the digestion of double-stranded DNA at the linker region of nucleosomal structure through a caspase-3-dependent activation of CAD (DFF40) /ICAD (DFF45) complex. However, the absence of these DNA ladders does not always mean the absence of apoptosis. Cleavage of DNA into higher molecular weight structures (rosettes, 300 Kbp) and loops (50 Kbp) also become alternative apoptosis marker in some cells where CAD (DFF40)/ICAD (DFF45) system is defective (30) . Another well-known characteristic of apoptotic cell structure is the exposure of phosphatidylserine (PS) onto the outer surface of the plasma membrane. This early event in apoptotic cells is now believed as an"eat-me flag" for phagocytes (31).
Mitochondria pathways through organelle morphogenesis
In mammalian cells, mitochondria have a central role in apoptosis that is regulated by members of the Bcl-2 family (30)). The mitochondria pathway integrates stress and some developmental apoptotic stimuli, and is triggered by the translocation of pro-apoptotic Bcl-2 family member such as Bax into the mitochondria. This event results in the release of cytochrome c from mitochondria into the cytosol, which induces pro-caspase-9 activation and is sometimes accompanied by loss of mitochondrial membrane potential and destabilization of the outer mitochondrial membrane (32, 33) . Although Bcl-2 family proteins are potent regulators of apoptosis, their intracellular localization to mitochondria has been observed, but function still remains unclear. Recently, Karbowski et al. showed that two members of the Bcl-2 family, Bax and Bak, change intracellular localization during the course of apoptotic process to concentrate into foci at sites of mitochondrial scission (34) . The observation suggests that Bcl-2 family members may also regulate apoptosis through mitochondrial morphogenesis.
APOPTOSIS IN THE NORMAL ENDOMETRIUM
Historically, menstruation has been associated with ischemic necrosis of the functional layer of the endometrium caused by the contraction of the spiral arteries, with the process being dependent on sex hormone concentration (35, 36) . The endometrial cycle in regularly menstruating women consists of three distinct phases (proliferative, secretory, and menstrual). Hopwood and Levison (37) reported the presence of apoptosis in human endometrium following advancement of the concept of apoptosis by Kerr and co-workers (18) . Accumulated evidence suggests that apoptosis helps to maintain cellular homeostasis during the menstrual cycle by eliminating senescent cells from the functional layer of the uterine endometrium during the late secretory and menstrual phase of the cycle (37) (38) (39) . This is followed by the proliferative phase of the cycle.
Apoptosis was detected in the glandular epithelium of late secretory and menstruating endometrium, while very little apoptosis was detected during the proliferative phase or at the beginning of the secretory phase (40, 41) . The proliferation of endometrial cells in the proliferative phase has been related generally to the action of estrogens, while progesterone is thought to direct the cells into the differentiation pathway, resulting in growth arrest. Considering the cyclical nature of apoptosis in normal endometrium, it seems likely that estrogen and progesterone can regulate the signals that result in apoptosis in this tissue. Vaskivuo et al. showed that the pattern of apoptosis negatively correlated to serum estradiol concentrations in the proliferative phase (41).
Bcl-2 family and Fas/FasL in normal endometrium
The Bcl-2 (B cell lymphoma/ leukemia-2) gene is located on chromosome 18, which is important in determining whether a cell will be irreversibly committed to apoptosis (42) . The BCL-2 protein is probably the best well characterized of apoptosis-related molecules, and data now equivocally support a role for the BCL-2 protein as a cell death repressor (43) .
To date, the precise mechanism of apoptosis in the human endometrium is not yet fully clarified, although BCL-2 has been considered to inhibit apoptosis in the human endometrium during the proliferative phase (44).
BCL-2 cyclically expressed in endometrial glandular and stromal cells, peaks during the late proliferative phase, while decreased during the late secretory and menstruating phases (45) (46) (47) (48) . In contrast, myometrial smooth muscle cells showed consistent BCL-2 immunoreactivity throughout the menstrual cycle (47) . In Bcl-2 deficient mice, many apoptotic cells and apoptotic bodies were often observed in the glands and the myometrium (49) . Therefore, BCL-2 may be an essential gene product for the survival of both endometrial glandular cells and myometrial smooth muscle cells.
Rogers et al. demonstrated that the cyclical pattern of the BCL-2 expression had no longer occurred after administration of levonogestrel, suggesting that a constant administration of steroid hormones can affect the expression of BCL-2 (50). Using immunohistochemical staining, the authors observed that BCL-2, Fas and caspase-3 showed different expression levels in the functional layer versus basal layer of normal endometrium (50) . The anti-apoptotic protein BCL-2 presented with higher expression in the basal layer, whereas, death receptor Fas and caspase-3 were higher in the functional layer of the endometrium. These results fit well with the functional biology of endometrium. Since the basal layer remains relatively constant throughout the menstrual cycle, apoptosis is less common in this layer. In contrast, the functional layer that undergoes cyclical growth, differentiation and shedding, appears with increased level of apoptosis.
Some transcriptional molecules can regulate the expression of Bcl-2 in human endometrium. p53 immunoreactivity was not observed in either glandular cells or stromal cells throughout the cycle (47) . In contrast, the staining pattern of c-jun and Sp-3 in glandular cells was similar to that of Bcl-2, in terms of pattern, intensity, and cellular distribution, throughout the menstrual cycle suggesting that c-jun and Sp-3 may have a role in regulating Bcl-2 expression (47).
Although expression of the protein product of Bcl-2 gene in the human endomerium has been described (44, 51, 52), Bcl-2 is only one member of this multigene family, consisting of numerous proteins homologous to BCL-2 (53-55). Other members of the Bcl-2 gene family likely play important roles in controlling apoptosis by mechanisms that are independent of or complementary to the action of BCL-2. Members of the BCL-2 family interact through homodimeric and heterodimeric associations (53, 55) , such that the susceptibility of any given cells to a potential apoptotic stimulus may be determined by the ratio of proapoptotic and antiapoptotic BCL-2 family members present in the cell at that time (53) .
BAX is a BCL-2 family member that promotes cell death susceptibility, possibly by countering the effect of BCL-2 on cellular survival through heterodimer interaction (53) . Another member of this family of genes, Bcl-x, provides an interesting example of a single gene that, via alternative splicing mechanisms, encodes both a positive and a negative regulator of apoptosis (54) . The long form BCL-X (BCL-X long ) contains an open reading frame of 233 amino acids with two domains homologous to BCL-2, whereas BCL-X short is a 170-amino acids truncated form of BCL-X long in which the region of highest homology to BCL-2 has been deleted (54) . These two forms of BCL-X have opposing functions in that BCL-X long renders cells resistant to apoptotic cell death upon deprivation of growth factors, whereas BCL-X short counters the resistance to apoptotic cell death provided by BCL-2 (53, 54).
BAK (BCL-2 homologous antagonist/ killer) is another proapoptotic member of the BCL-2 family, and is believed to accelerate apoptosis in mammalian cells, at least in part, by interacting with BCL-2 and BCL-X long (56) . Immunohistochemical analysis revealed that staining for BAK protein was localized almost exclusively to the glandular epithelial cells, especially in the functional layer of the secretory endometrium. Immunoreactive BAK was absent from most of the cells of the proliferative endometrium (57) . These data imply the existence of a dynamic interplay among many members of the BCL-2 family in triggering apoptosis in this system. Several scientists have suggested that ovarian steroids may control endometrial apoptosis by up-and down-regulation of Bcl-2 and Bax expression (52, 58, 59) . The cyclic pattern of BCL-2 expression in endometrial glandular cells was related to changes in estrogen receptor and progesterone receptor patterns throughout the cycle (44). In this context, Critchley et al. reported an increase in BCL-2 protein expression in glandular and surface epithelium of antiprogestin-treated endometrium (60) . These data suggest that this gene's expression may be stimulated by estrogen and down-regulated by progesterone.
Fas (CD95) is a 45-kDa type I membrane protein that belongs to the tumor necrosis factor/nerve growth factor receptor family (61) . The Fas ligand (FasL) is a 37-kDa protein that belongs to the tumor necrosis factor superfamily. The Fas-FasL interaction is essential in inducing apoptosis (62) . Fas-bearing cells undergo apoptotic cell death when they interact with FasL (61). The Fas/FasL system plays a crucial role in normal tissue homeostasis and pathologic conditions, including the escape of tumor cells from immune surveillance (63) . FasL expression by cells from such tissues as the eye, testis, and placenta may be involved in maintaining the immune privilege of these tissues by inducing apoptosis of Faspositive immune effector cells (64) (65) (66) .
Fas and FasL are expressed in human endometrium throughout the menstrual cycle (67) (68) (69) . Fas immunostaining on human endometrial glandular cells was determined to be stronger during the secretory phase than during the proliferative phase (45, 68) . Peng et al., (70) demonstrated that FasL exhibits peak expression during the secretory phase.
In summary, BCL-2 is expressed in human endometrial grandular cells during the proliferative phase but not during the late secretory phase (Figure 1 ). In contrast, both Fas and FasL are expressed throughout the cycle in weak or moderate amount, except relatively higher expression of FasL in the late secretory phase (Figure 1 ).
APOPTOSIS IN ENDOMETRIOSIS

Apoptosis of eutopic and ectopic endometrium in endometriosis
Eutopic endometrium from women with endometriosis has some fundamental differences compared with normal endometrium of women without endometriosis. These include a variety of anomalies in structure, proliferation, immune components, adhesion molecules, proteolytic enzymes and their inhibitors, steroid and cytokine production and responsiveness, gene expression and protein production (10). These differences could contribute to the survival of the regurgitating endometrial cells into the peritoneal cavity and the development of endometriosis. One of the mechanisms that recently gained a lot of interest is the finding that apoptosis appears in eutopic and ectopic endometrium of patients with endometriosis.
Gebel et al. reported that the percentage of apoptosis in sloughed endometrial cells was greatly reduced among women with endometriosis implying that the number of surviving cells that enter the peritoneal cavity is greater in women who develop endometriosis (71). Szymanowski recently described that apoptosis indices in the eutopic endometrium of women with endometriosis were lower compared to women without endometriosis (72). Dmowski et al. demonstrated that the apoptotic index in glandular epithelium was significantly lower in women with endometriosis than in controls (73) . This difference was caused primarily by a significant decrease in apoptosis during the late secretory/menstrual and early proliferative phases in women with endometriosis. The cyclic variability of apoptosis may be lost in these women.
One can speculate that if the decrease in apoptosis facilitates ectopic survival and implantation of the endometrial cells then there may be an inverse correlation between the level of apoptosis and the severity of the disease. To test this hypothesis Dmowski et al. analyzed the apoptotic index according to the stage of endometriosis and found that there was a trend toward decreased apoptosis with increasing stage of the disease, but the difference lacked statistical significance (73) . On the other hand, Goumenou et al. showed that the apoptotic rate as well as Bcl-2 and Bax expression in ovarian endometriotic cells was not affected by the stage of endometriosis or the phase of the menstrual cycle (74).
Bcl-2 family in endometriosis
Watanabe et al. examined BCL-2 expression in eutopic and ectopic endometrium in patients with endometriosis, demonstrating that the expression of BCL-2 in endometrial glandular cells has a cyclic pattern in eutopic endometrium in patients with endometriosis, but that cyclic changes were not apparent in peritoneal and ovarian endometriotic tissues (45) . In a study by Jones et al., the authors did not detect apoptosis in stromal cells from peritoneal endometriotic tissues (75) . In accordance with these findings, BCL-2 is expressed to a greater extent in stromal cells from ectopic tissues (75) . This overexpression may be directly correlated to the increase in the number of estrogen receptors expressed by ectopic stroma (76) .
An increased expression of BCL-2 protein was found in proliferative eutopic endometrium from women with endometriosis when compared with normal endometrium from healthy women (77) . In the same study BAX expression was absent in proliferative endometrium, whereas there was an increase in its expression in secretory endometrium from women with endometriosis and healthy women. The altered expression of BCL-2 in eutopic endometrium of women with endometriosis resulted to a decreased number of apoptotic cells and consequently to their abnormal survival in the ectopic locations (77) .
In ovarian endometriosis, the weak BCL-2 expression, or the strong correlation between low BCL-2 and high BAX expression were shown by the immunohistochemical methods (74, 78) . Recently, Dufournet et al. demonstrated that the Bcl-2 expression was lower in ovarian endometriosis than in peritoneal and colorectal endometriosis (79) . Nezhat and Kalir reported that lower Bcl-2 expression in cystic than in non-cystic endometriotic lesions (80) . Moreover, as observed by Beliard et al., the peritoneal endometriosis exhibited a high Bcl-2 expression, in addition, they showed that the peritoneal Bcl-2 expression was higher than those found in eutopic endometrium with or without endometriosis (81) . The expression of Bcl-2 varied according to the location of endometriosis, suggesting the involvement of different apoptotic pathways and etipathologies. Recently, Braun et al. analyzed the expression of apotosis-regulating genes in eutopic endometrium from women with or without endometriosis. The ratio of transcript abundance levels for Bcl-xL : Bcl-xS (antiapoptotic : proapoptotic) was substantially higher in eutopic endometria from women with endometriosis compared to endometria from women without endometriosis (82) . This result could be consistent with apoptotic resistance and enhanced survival of endometrial cells in endometriosis.
Fas/FasL system in endometriosis
Few studies have been published on the expression of Fas in endometriotic tissues. Moreover, according to our knowledge, there are no studies showing quantitative comparison of Fas expression between endometriotic tissues and endometrium from disease-free women. Harada et al. found that Fas is expressed randomly in both eutopic and ectopic endometrial tissues (83) . The authors suggested that the expression of Fas antigen may be less involved in apoptosis of eutopic and ectopic endometrial tissues as an apoptosis-regulator. In accordance with this finding, Watanabe et al. also observed Fas expression in glandular cells of both ectopic and eutopic endometrium (45) . In contrast, with the cyclic expression pattern of Bcl-2, Fas expression was constant in both tissues throughout the menstrual cycle. Differences in the expression of Fas were found between ovarian, cervical, and endometrial carcinoma tissues comparing with normal tissues. Tumor cells had significantly decreased levels of Fas (84) . In addition, there was a higher Fas expression in ovarian endometriotic cells comparing with benign ovarian tumors but the difference did not reach significance (85) .
In contrast with Fas, there are many studies indicated that higher expression of FasL by endometriotic tissues contributes to their survival and the development of endometriosis. A recent study by Garcia-Velasco et al. suggests that levels of soluble/active FasL are higher in serum and peritoneal fluid in women with moderate to severe endometriosis than in women with early-stage disease or in disease-free women (86) . Higher levels of soluble FasL in the peritoneal fluid of women with endometriosis may contribute to increased apoptosis of Fas-bearing immune cells in the peritoneal cavity, leading to their decreased scavenger activity (86) . This may result in prolonged survival of endometrial cells into the peritoneal cavity.
The sources of the elevated levels of soluble FasL in the peritoneal cavity were endometriotic lesions and peritoneal fluid leukocytes. Several authors have shown that endometrial glandular and stromal cells express FasL, at both the messenger RNA and protein levels. This membrane-bound FasL can be shed by matrilysin, producing an active, soluble form of the ligand (87) . Peritoneal fluid leukocytes are another plausible source for high levels of soluble FasL in women with endometriosis, because human-activated peripheral blood mononuclear cells were shown to express FasL messenger RNA (62).
Macrophage-derived growth factors, such as platelet-derived growth factor (PDGF) and transforming growth factor (TGF), are increased in the peritoneal fluid of women with endometriosis (88). Garcia-Velasco et al. showed that macrophage-conditioned media containing PDGF and TGF-β induced FasL expression by endometrial stromal cells, suggesting that peritoneal macrophages in endometriosis might stimulate a Fas-mediated apoptosis of immune cells (67) . Expression of FasL by the endometriotic cells may protect them from attack by Tcells. Consequently, ectopic endometrial cells escaping from immune surveillance in the peritoneal cavity of women with endometriosis may contribute to the maintenance of the disease. It is, therefore, possible that many endometriotic cells not only become resistant to Fas-mediated apoptosis, but additionally they have acquired the ability to utilize this pathway to their advantage by launching a "Fas counterattack" against the host's immune system. The increased expression of FasL by endometriotic cells coincides with their inherent resistance to Fas-mediated apoptosis which protects them from a "suicidal" death.
Up-regulation of FasL expression by endometriotic cells could be induced after the adhesion of these cells to the extracellular matrix proteins laminin, fibronectin, and collagen IV (89) . FasL expressed on endometriotic cells may induce apoptosis of the local immune cells including activated T lymphocytes, thereby reducing attacks by host immune-surveillance and promoting the survival of endometrial stromal cells during the initial attachment of endometrial implants. Early lesions of endometriosis reportedly invade the extracellular matrix of the peritoneum (90) . FasL expression that occurs when endometrial stromal cells attach to the extracellular matrix may be one of the critical events in the development of endometriosis. Under these observations, we could speculate that the expression levels of soluble/active FasL may be enhanced in shedding endometrial cells presenting in the peritoneal environment and protect endometrial cells from the immune effector cells of the peritoneal cavity.
Interleukin-8, a chemokine for neutrophils and a potent angiogenic agent, is elevated in the peritoneal fluid of women with endometriosis (91). IL-8 promotes proliferation of stromal cells derived from endometriotic tissues (91, 92) , suggesting that it may facilitate growth of endometriotic implants. Selam et al., (93) 
Apoptosis in peritoneal macrophages from patients with endometriosis
The peritoneal cavity, the commonest site of endometriosis (96), contains fluid whose major cellular constituents are macrophages (97) . In endometriosis, the number and secretory activity of these cells increase (3, 98) and recent evidence suggests that these cells play an important role in developing and maintaining of endometriosis (17, 99).
The function of macrophages is altered in several aspects, as well. The cytotoxic power of peritoneal macrophages in endometriosis patients with respect to the endometrium is reduced (100). The diminution of cytotoxicity of peritoneal macrophages could be more significant than that of the circulating macrophages (101) . The reduced capacity of peritoneal macrophages from women with endometriosis to mediate lysis of endometrial cells together with the increased resistance of ectopic endometrial cells to macrophage-mediated cytolysis may promote survival of the endometrial cells in the peritoneal cavity of women with endometriosis (102).
McLaren et al. reported an increased percentage of Bcl-2-positive macrophages in the peritoneal fluid of women with endometriosis compared with the nonendometriotic group, resulting in an increased number of cells surviving the process of activation and thus delaying apoptosis (78) . This may explain the increased numbers of macrophages found in the peritoneal fluid of patients with endometriosis.
Immunohistochemical staining revealed a population of BCL-2-positive, BAX-negative tissue macrophages present only in ectopic tissue during both phases of the menstrual cycle (78) . The expression of BCL-2 and the absence of BAX may confer on these macrophages a decreased susceptibility to apoptosis, given the known properties of BCL-2 and BAX, and may result in an extended life expectancy. The increased proportion of BCL-2 positive macrophages found in women with endometriosis may predispose these cells to resist apoptosis.
Apoptosis in pathophysiology of endometriosis
Accumulating evidence suggest that the endometrial cells from women with and without endometriosis have fundamental differences. Endometrial cells from women with endometriosis has enhanced proliferation and increased ability to implant and survive in ectopic locations. Impaired sensitivity of endometrial tissue to spontaneous apoptosis contributes to the abnormal implantation and growth of endometrium at ectopic sites. The inability of endometrial cells to transmit a "death" signal or their ability to avoid cell death is associated with increased expression of anti-apoptotic factors (e.g., BCL-2) and decreased expression of pre-apoptotic factors (e.g., BAX) (77) . It remains unclear whether the abnormal apoptosis in the eutopic endometrium from patients with endometriosis is primary in origin or secondary after establishment of pelvic endometriosis process. This could be attributed to the fact that at the time of clinical presentation and diagnosis most women have already established disease and therefore, it is very difficult to investigate the early developmental stages of the endometriosis.
Reflux of endometrial fragments during menstruation into the peritoneal cavity is a common phenomenon. Under normal conditions, cells that do not adhere to their extracellular matrix enter apoptosis as they receive different signals from their adhesion receptors (103) . However, in women with endometriosis these cells have the ability to adhere to mesothelial cells of peritoneum, to proliferate, and to produce neoangiogenesis resulting in the development of active endometriosis. The effect of MMPs on apoptotic factors and their regulation by steroid hormones may provide a link between endometrial turnover and the invasive process necessary for the development of endometriosis.
Recently, cDNA microarray analysis has provided interesting insight for altered gene-expression profiles in patients with endometriosis. Using this method Arimoto et al., (104) found 97 up-regulated and 337 downregulated genes in women with endometriosis. Genes related to apoptosis (GADD34, GADD45A, GADD45B, PIG11) and the tumor suppressor TP53 gene, were downregulated in endometriotic tissues. These findings are in consistent with the decreased spontaneous apoptosis observed in eutopic endometrium from women with endometriosis.
The survival of endometriotic cells in the ectopic site has also been suggested from the aspect of susceptibility of endometriotic cells to apoptosis (71, 20) . Susceptibility to drug-induced apoptosis in endometriotic cells was attenuated compared to eutopic endometrial cells (105, 106) , implying that endometriotic cells may have potential ability to survive and develop in the ectopic sites.
Apoptosis and treatment of endometriosis
Endometriosis is an estrogen-dependent disease. Current therapeutic alternatives consist of various hormone treatments aimed at decreasing circulating estrogen to postmenopausal levels. Incubation with GnRH agonists increased the apoptotic rate in eutopic and ectopic endometrial cells from women with endometriosis (107-109). The increase in apoptotic rate may be due to alterations in the expression of apoptosis-related genes after GnRH agonists administration. Treatment with GnRH agonists was found to affect the expression of a diverse range of genes, including those that encode apoptotic factors (110) . Sakamoto et al, (111) compared the gene and protein expression of IL-8, one of autocrine growth promoting factor, in endometriotic stromal cells of patients treated with GnRHa and those of patients without treatment before laparoscopic surgery. They showed that GnRHa treatment attenuated the expression of IL-8 by reducing TNF-α-induced NF-κB activation. A soluble inhibitor of NF-κB, BAY 11-7085, was used to examine the potential application for the treatment of endometriosis. It has been shown that BAY 11-7085 significantly inhibited the cell proliferation and induced apoptosis (112) .
Aromatase overexpression has recently been observed in endometriotic tissues (113, 114) . Aromatase catalyze the conversion of androgens to estrogens. Local estrogen production by endometriotic implants may contribute to the progression of endometriosis in unfavorable condition. Aromatase inhibitors have been successfully used for the treatment of endometriosis (115, 116) . Aromatase inhibitors, letrozole and anastrozole, produced a significant and positive effects on apoptosis and cell proliferation of epithelial endometrial cells from patients with endometriosis (117) . The authors confirmed that enhanced apoptosis in endometrial cells by GnRH agonist was accompanied by an increase in expression of the pro-apoptotic proteins BAX and FasL and decrease in expression of the anti-apoptotic protein BCL-2 (118).
Combined oral contraceptives (OC) can administer in women with endometriosis in order to maintain the status quo and to prevent progression or recurrence of the disease (119) . In histological studies, there was an arrest in endometrial gland proliferation resulted in progressive atrophy of the endometrium after long-term use of OC (52). Meresman and co-workers (120) have demonstrated that OC can enhance programmed cell death (decreased BCL-2/BAX expression ratio) in the eutopic endometrium of women with endometriosis. Another study has confirmed the inhibitory effects of progestogens on endometrial proliferation and the authors proposed that these compounds enhance apoptosis in the endometrium (60) . Clinically, the use of progestins or OC was also suggested as efficacious treatment for endometriosis (121) (122) (123) .
Several new compounds have been investigated as new treatment modalities for endometriosis. Bufalin is a major digoxin-like immunoreactive component isolated from the skin and parotid venom glands of toad and is known as an apoptosis inducing agent. Adding bufalin in culture of ovarian endometriotic cyst stromal cells (ECSC) significantly inhibited the cell proliferation and DNA synthesis of the cells and induced apoptosis (124) . Another apoptosis inducing agent, beta-hydroxy isoralerylshinkonin (beta-HIVS), was also examined using ECSCs. Beta-HIVS significantly inhibited the proliferation of the ECSCs and induced apoptosis (125) . These agents may be potential therapeutic drugs for the treatment of endometriosis.
Although recent medical management of endometriosis is almost exclusively accomplished through the use of GnRH agonists or steroidogenic compounds, these treatment are far away to consider ideal. There is definitely room for improvement of medical treatment of endometriosis with respect to the desire to avoid the adverse side effects associated with the hypoestrogenic environment induced by the current GnRH agonists therapies. Apoptosis of endometrial stromal cells in culture was elevated after exposure to κ-opioid agonists (126) . κ-opioid caused a rapid but transient up-regulation of Fas protein, suggesting that its effect on apoptosis is mediated by activation of the Fas/FasL apoptotic pathway.
CONCLUSIONS
Apoptosis may play an important role in the development of endometriosis. Manipulation of cell death processes could be used to treat endometriosis. Advances in molecular biology and genetics will help us to understand these issues and may yield prevention and treatment modalities for the endometriosis in the near future.
